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Antifreeze Admixtures for Cold Regions Concreting

A Literature Review

CHARLES J. KORHONEN

INTRODUCTION EFFECTS OF BELOW-FREEZING
TEMPERATURE ON CONCRETE

In the United States, most winter concreting opera-
tions follow guidance provided by the American Con- Concrete isacomposite material composed of cement,
crete Institute on cold weather concreting (ACI 1988). stone and water. It gains strength by a chemical reaction
This guidance was developed to ensure that fresh con- betweencement and waterto form a gel that hardens and
crete placed at low temperatures will not freeze at an binds the stone together. This chemical reaction or
early age. The guidance recommends that fresh con- curing process depends very much on favorable tem-
crete be placed warm and on thawed surfaces. The perature and humidity conditions. Generally, humidi-
concrete must then be kept warm by conserving its ties above 80% RH and temperatures between 10 (50)
initial and internally developed heat by insulation or by and 20'C (70'F) are best.
heated enclosures. Protection must continue until the Several important events happen during below-freez-
concrete gains sufficient strength to ensure safety. Al- ing-temperature curing of concrete. They include the
though ACI recommends that protection times may be migration of moisture within the mix, a slowing of the
shortened by the use of rapid-setting cement, extra reaction rate between cement and water, and the change
cement or accelerating admixtures, ACI does not rec- of water into ice. Provided some water remains unfro-
ommend any other forms of freeze-protection. As a zen, the cement will continue to hydrate at low tempera-
consequence, the high heating costs and the extra labor tures, albeit at a slow rate. At temperatures below -4°C
and materials often required to protect concrete from (25'F), hydration essentially stops because available
freezing can significantlk add to the cost of concreting. water freezes and the concrete becomes dormant. As
especially in the Arctic. I " - temperatures rise and ice melts, hydration resumes.

In the U.S.S.R., Scandinavia, China and elsewhere, However, if the concrete freezes at an early age (i.e..
winter concreting operations are conducted in other after it has set but before it has developed much
ways. One method of winter concreting of special strength), there exists the possibility of permanent
interest is the use of chemical admixtures to depress the damage to the concrete, even though hydration can be
freezing point of mix water. These antifreeze admix- reestablished.
tures allow concrete to cure at below-freezing tempera- Cooling rates influence both the movement of mois-
tures without the concrete suffering the deleterious ture and the formation of ice within early age concrete.
effects of ice. Numerous compounds have been tried in When such concrete is cooled rapidly, moisture has
these countries and some of the compounds are seen as little chance to migrate and it is frozen in place. This
an economical alternative to conventional concreting creates a nearly uniform distribution of small ice crys-
techniques. A few of these antifreeze admixtures are tals throughout the concrete. It follows that. at an early
being used commercially. age, the 9% expansion caused by the formation of ice

This report reviews this technology, summarizes can disrupt the weak cement paste. Slow cooling, on the
available information on the use of antifreeze admix- other hand, allows moisture to redistribute itself within
tures and recommends needed research. the mix by moving toward and freezing at the colder



aressimilar to thle Way Water moves inl freezing soils. year laboratory study based on Soviet literature. Today.
As Water continues to move toward the freezing zone. Finland has at least three commercial -antifreeze admix-
the ice thicken,,. In this case, the concrete canl be tures onl the domestic market. and plans to export them
daimaced by the ice crystals fonnin, into lavers or- to Other countries.
lenses, forcing apart the aggregate and paste particles. Antifreeze admliXtulres are Mentioned inl a recentl
Both slow and rapid freezing canl cause concrete to International Union of Testine and Research Laborato-
experience irreparable strenoth loss. ries for Materials and Structures (RILEM) publication

on cold weatherconcreti ng (Kukko and Koski nen 1 988 .
A section of thiat gulide, devoted to antifreeze admix-

.ANTFREEZE TYPES lures, provided aI table of ,even anifreeze admixtures
Withi their low-teniperature strenuths. That table, shown

Several types of antifreeze admixtures are reported as Table I in this report. lists the streng-ths of concrete
ill the liter-ature. As early ais the 1950's. the U.S.S.R. maintained at the temperatures shown. This table.
reported lre quantities Of calciuml Chloride and however, is only intended as a ouide. RILEM recoin-
sodium chloride for cold \w eathcr concreting. Though'l mends that concrete containing anly antifreeze admix-
corrosion Was later found to be a major dIrawback with lure be tested in the laboratory before beine used in thie
these atdlmixtures. thle use of salt as a freezing point field. Probably because of ti-i --:ution, RILEM does
depressant Opened up a *new mnethod" of Winter con- not give mlix Proportions that Would allow one to apply
cretime in the U.S.S.R. (Mironov et al. 1976). Since Table I directly in the field without first conductinu,
then, interest inl winter concreting has developed Onl '1n laboratory experiments.
internaiJonal scale. Countrl Iiessuchl ais Fi nland and Ch ina To -et anl idea of What antifreeze concentrations
have reported si enificant findinus. Finland marketed its mni lht be necessary to achieve thle results shown iii
first ecadN-miix aintifreeze concrete in 1 985 after a 4- Table 1, Table 2 was developed from the l iterature. Data

Table 1. RILEM recommendat ions for cold weather concreting with antifreeze adnixtures
(after Kukko and Koskinen 1988).
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Table 2. Common antifreeze admixtures for cold weather concreting.

Percunt bY Tenmperature
cement Stren gth*

Chemic al weight (C/c ) (9C) (0F) Referenme

CaC1, 7 50 -15 5 a.g.j,m,n.o~p.q,r
NaCI 5.7 80 -5 23 a.b~c~j.m:.p.q
NaNO, 6 70 -5 23 a~d.e..s

8 57 -10 14 a~de's
10 36 -20 -4 a.d.e~s

NaCI + CaC1, 7.7 58 -20 -4 g.h~n~t.u~v
Cadl, + NaNO, 5 -5 23 b.c.c.h

6.5 -10 14 b~c.e.h
8.5 -15 5 b~c~e~h
9 42 -21 -4 b.c.e~h

Ca(NO0,), + CO(N H,), 5.5 -5 23 b.c~f.k.w
9.5 55 -10 14 b.c.f.k.I.w

11 35 -15 5 b~c~f.k.I,%%
13 -20 -4 b~c~f~k.l.w

Ca(NO,), + CO(NH,b, 8.8 29 -10 14 e.f.h.w
9 34 -20 -4 e.f.h~w

Ca)NOA), + Na,O. 6.6 56 -10 14 e.f.h~w

Ca(NO,),/(N0 3) + CO(NH,) 2  5.5 -5 23 b.c
9.5 -10 14 b~c

11 -15 5 b.c
13 -20 -4 b.c

ICa(NO,QAN0 3), + CaCII + CaCI, + NaNO, 5 -5 23 b.c
9 -10 14 b.c

10 -15 5 b.c
12 -20 -4 b.c
14 -25 -13 f.h.w

Ca(NO,).I(NO3) + Cadl, + CO(NH,) 9 6) -20 -4 f~hw
11.5 40 -20 -4
13 -20 -4
14 -25 -13 b.c

K,C03 6 75 -5 23 b.c~d
8 70 -10 14 b~c.f.i

10 65 -I5 5 b~c,f.i
10 47 -20 -4 b.c.fji
12 55 -20 -4 b~c~fi

NaNO, + Na,S04  9 62 -10 14 d.e
NaNO, + CaNO3)2 + CaCI, 11.5 36 -10 14 e

N40 5.2 93 -20 - '

* Percent strength of control sample cured at room temperature for 28 days.
ta-Mrunov et al. (1976); b-Kiikko and Koskinen (1988); c-Jokela et al. (1982); d-Low Temperature Building Sciences Institute (1979).
e-Kivekasct al. (1985): f-Krylov et al. (1979); g-Mironov (1977); h-Goncharova and Ivanov ( 1975): i--Grapp et al. (1975): j-Kuzmin
(1976): k-Virmani et al. (1983); 1-Virmani (1988): m-Demrngton (1967); n-Stormer (1970); o--Kostyayev et al. (197 1): p-Yang (1982):
q-Cottinger and Kendall (1923): r-Yates (1941): s-Mironov et al. (1979); t-Miettinen et al. (1981): u-Mironov and Krylov (1956); v-ISizov ) 1956): w-Golobov et al. (1974): x-Kuz'min et al. (1976): y-Bazhenov et al. (1974).

on strength, temperature and admixture concentration mixtures that were not referenced by RILEM. but were
were selected from publications that most closely agreed commonly mentioned in the literature, were also in-
with the strength and temperature data in Table 1. -,r cluded in Table 2. In addition, Table 2 lists helpful
those situations where strengths were not available, references on each admixture.
auimixture concentrations and service temperatures were Jokela et al. ( 1982) group antifreezers by both their
still provided to indicate potential ranges of use. Ad- ability to depress freeze-points and to allow strength
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Tabkc 3. Kev' to antifreeze chemnicals. As can be seen, [lie rate of strength development for
low-temnperature concrete made with antifreeze admix-

Nm.sviho tures lags that of similar room-temperature concrete

made without admnixtures. This strength la-g varies with
AinN11101-N admixture and with temperature. For example. strength

(Uilc uiiicii kiidc ains range from a high of 9 3%4 of the 28-day strength
UCiicmiiiill d1le. Cdi Nb;o

CAcul CIN 0 of con-rol samples for ammonia at -20 0C (-4"F) to a
Sod ,; , Idol id NaC low of 29 r/t for calcium nitr-ate plus urea at -1I0'C

SiiUK101 M11MC N iN0) (1 40F).
S diniii nicNaN0, The desigin strength of concrete is commonly tht. 28-
.diiiiii% iiiicNI SO)4 day compressive strength. It is important to note that

K0.
t Ic MiN 11 Jstrength gain of antifreeze concrete at low temperature

does not stop at 28 dlays. Normal concrete also gains
strent-th after 28 days but at a much slower rate. Table
I goes on to show that after 90 days of low-temperature

curin-. strenoth continues to improve to where. with
0zail)at low teiperatuli~re. Th lisit grioup~coiisistsofsodi- sonic admixtures. it eventually approaches that of the
urnl chlorilde. s odiumll nitr-ite and urea. Thle second group 28-dlay design strength. Three of the seven admixture
consists of calciumi chloride, calcium nitrite and potas- combinations inlable I reached I MY of desi-n strentcth
1,1i1 iifllaronate. Accelerator', usuall must be added to after 90 (lays of low-temperature curingz. Even the
teitie'0,1 onc anti treezers,. vliik group two canl be used slowest curin- admixture, sodliumn-calcium chloride at

aloe. 15'C (-5'F), achieved 501/' of desi-n strength in 90

Table 3 pro'0 idcs a key to identify thle antifreeze dlays. If cured for loniger than 90 days. indications are
ainiMII1- 1turs metionled inl this, rep)ort. that antifreeze concrete will gain its full expected design

strenoth. and then some. In tests conducted for as long
as I1- 1/2 years. the Low Temperature Building Sciences

EFFEcTS OFA NTI FREEZE ADMIXTURES Institute of China ( 19791 showed that concrete made
O N CO()NC RETE with sodiunm nitrite plus sodium sulfate gained I114%/ of

28-day design strength (Fig,. I.
AN wkith any additive, there isconcern over antifreeze

admi11Xtuies* effects on concrete properties. The effect
that they have onl conlcrei. with respect to compressive
strerw-th. tenlsile str-eng-th, frlost durability, aggregate
reaction, Corrosion o f embedded metal and thle forma--
ion of ice ar-e presented belowA,. Innmany instances the in-

formiation unicovecred was qulalitativ'e rather than quan- - -

Compressiv'e strength
A ca)ini j.i~,io 1Li~e quaility is colmpres - ~->

si ye sirenuci. Safe and econoi iIcal schieduling of cru-
cial conlstruLct ion operations makes it Importanit that-
concrete attain certain stren~ths before work progresses.
It is critical that concrete reach 3.4 NI1Pa (500 lb/in.2 ) 41 J:*

before being cxposed to one freeze-thaw cycle and 24
NIPa (351( lb/in.)) for multiple freeze-thaw cycles
(ACI 1988). [ormw \ork is not safely removed until the

concrete becomles strong enough01 to support itself and
any imposed construction load. at structure is not fully
secrv iceable unless the desi-n streng'hi civd hs

the effect that anti freezers have on both the rate of Fhiure Conmparison oJ long~-t'rin sire',V~hs betiv(e'fl
strength gain and the ultimiate stren-th of concrete is normial concrete tit rooni tenwenifure and sodium ni-
important. trite/sodlium sulfate concrete tit -100 C (after Lowt

Compressive ,trengthis are shown in Tables, I amid 2. Ten;,rature Building, Sci'ences itstitte 1979).
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60 T-T -1 f- -T I -FT rr mumn stirengths needed before freigdpend oil the
cement type, the adnixturetlpe, themixde.on strencth

_ , , < .,and the rate of cooling. The strength before freezing of
nonnal concrete in tie U.S.S.R. is 5 MPa (725 lb/in.2)

M, -  , •. . .and this can. accordin, to Krvlov et al.. be reduced b
: I a factor of up to 2 when antifreeze admixtures are used.

It is not clear why they make this ieconmendation.
" i unless they assume that not all of the mix water freezes.

/. 20 2 even at very low temperatures. Hoever. It sliccest-S
20-- 0 that little curing is required before a concrete .nade with

S- -- I antifreeze admixtures is allowed to freeze.
S -_ -" 2 Compressive strength. as well as other structural

.... o66 properties of concrete, depends on the degree to which

6.112 cement h.drates. According to Mironov (1977). h,, dra-
0 4 8 1 16 20 24 28 '5b lion can be increased by introducing antifreeze admnix-

aqe 12 ,ys tures into the concrete. Table 4 shows the effect of
sodium nitrite and potash on the degree of hydration of

Fi,vtwr' 2. CIc/,(ssivextien~rls ¢I0tifrc'e':-(,,ih -r*, portland cement. As Table4 shows, potash slo scement
Sto -/C (oiputed to anreal (of'te at 2( 0oC. T/h' hydration at roon temperature. has essentialiN no effect

on it at 00 C (320F) and accelerates hydration at -10 (14)Kivcias et a t. 19S5t. and -20'C (-4'F) compared to nonal cement at those

temperatures. Sodium lnitrite. on the other hand. is
moderately effective at temperatures down to W0 C At

In practice. when air temperatures rise, concrete -10 and -20'C it accelerates hydration but not to the
strength gain should accelerate. Kivekas et al. (1985) same degree as does the potash. It is interesting to note
provide an example of this temperature effect. In Figure that sodium nitrite remained effective at low tempera-
2 they show the typical early age strength lag for a tures even at concentrations of 2 54. In comparison.
variety of admixtures cured at low temperature, how- Table 2 shows that in practice a 6- 10% sodium nitrite
ever. when the admixtures are cured at room tempera- concentration is used.
lure for .an additional period, strengths show a marked
improvement. Further. when the water-cement ratio Tensile strength
{u/c) of the sodium nitrite plus calcium chloride con- Anotcr important design parameter is the tensile
crete mix was reduced to 0.59 frorn 0.66 by including a strength of concrete. It is particularly important for
water reducer, compressive strength improved. This pavements. Higher tensile strengths produce higher
has practical implications as concrete placed in the flexural strengths and therefore reduce the necessary
winter cannot only be expected to slowly gain strength thickness. Tensile strength is also important in deter-
but can be expected to gain appreciable strength the niing how well concrete withstands frost. Those
ensuing spring and summer, provided, of course, that concretes with high tensile strengths are better able to
proper moisture conditions are maintained, resist the expansive stresses that arise in the process of

Another important strength question concerns the ice formation. Unfortunately. very little is published on
mininmum or critical strength that concrete nust attain this concrete property.
before freezing. Krylov et al. (1979) felt that the mini- In the little that is published.Goncharova and Ivanov

Table 4. Hydration of cement at 28 days (after Mironov 1977).

Ad.l iture Pe n hl ' 11 ill atiml I/

'4hr
cement 20 "" "C -10 -20 '

11110i ee:er weihl h70 . (,?2 "1" /4 14-1 e-4 I-)

Control none 66 39 2(1
NaNO, 2 64 4-4 43 17
NaNO, tO 67 43 42 27
KCO, tM 55 41 46 37
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(1975) state that tensile, compressive and cohesive T80r T
strengths are "'on average the same as those of additive- 4
free concrete hardencd under normal humidity condi- 4400

tions,"whileGrappet al. (1975) show that the engineer- 3 "-
ing properties of concrete were affected by potash, the 400 2

one admixture they tested. According to Grapp et al.,
there is a measured decrease in the dynamic modulus of
elasticity, an increase in the coefficient of expansion 6, 20 %

and a decrease in the split-tensile strength of concrete 320 0 _ -_ . _
containing potash. This coincides with the low 0 2o0 4co 6o0 G,>"
freeze-thaw durability of potash concrete reported next. F eeze -, C yce

Figure 4. Durability of concrete with admixture con-
Freeze-thaw durability centrations given as percent by cement weight

Freeze-thaw durability of concrete, a critical factor (water-cement ratio of 3:1) (after Grapp et al. 1975).in the cold regions. is discussed by Goncharova and lva- 1-Control without air-entraining admLtture; 2--5% NaNO,;

nov (1975), Grapp et al. (1975) and Kuzmin (1976), w

who looked at the effect of antifreeze admixtures. A CaC,+ Ca(NH); 5-15%;NaNO, + CaC,:5-5%NKCO
summary of their findings is presented in Figures 3 7a5% 3CO )A

and 4. 7-25% KC0,

Goncharova and lvanov studied the admixtures shown
in Figure 3 by first curing 4- x 4- x 16-cm (1.5- X 1.5- temperature. The specimens were cast from ingredients

x 6-in.) specimens at -20'C (-4F) for 28 days, fol- that were cooled to -5'C (23'F). Once cured, the
lowed by an additional curing period of 28 days at room specimens were subjected to alternate cycles of freezing

in air and thawing in water. The freeze-thaw tempera-
ture range is not known, but ten freeze-thaw cycles

-- _ . .. were completed each week. The performance of con-
I cretes made with antifreeze admixtures was compared

to that of non-air-entrained concrete cured at standard
conditions and subjected to the same freeze-thaw cy-
cling. They evaluated concrete performance by moni-

F-,o , -, toring the change in compressive strength, the change in
_-7:. - weight and the change in length of each specimen. For

- this discussion, only the change in strength will be

shown, as the other two test parameters reflect the same
trend as seen in the strength change. Figure 3a shows

... . --- that. except for potash, all admixtures tested increased9200 4C 0

,-- ze-,-. Cy e the freeze-thaw durability of concrete compared to
non-air-entrained concrete without additives. Potash

.and non-air-entrained concrete began to lose strength
by the 200th cycle. ASTM (1984) publication C666

------------ says that durable concrete should be relatively unaffected
I_ by 300 cycles of freezing and thawing. Based on that
400

We?-,y Cf,ce guidance, all admixtures, but potash, appear to produce
durable concrete, even without using an air-entraining

Figure3. Durability tests of concrete at a water-cement agent.
ratio oj 0.45. The admixtures are given as percent by Goncharova and Ivanov conducted two other dura-
cement weight (after Goncharova and Ivanov 1975). bility tests that deserve mention here. In one test, instead
1--Control without air-entraining admixture: 2--CaCI, + of using fresh water to thaw concrete samples, they used
NaCt (8.5%): 3--NaNO, (10%); 4--KC0 (10%); 5- a 5% sodium chloride solution as the thaw water. They
Ca(NO,), + CO(NH,), (9%); 6-Ca(NOi)/(N0J, + CaCI, + used curing and test conditions identical to those dis-
CO(NH,), (9%); 7-CaCI, + NaNO, (9%). a-Compressive cussed above. The significance with this test method is
strength when fro:en in air and thawed in fresh water. h- that strength was lost sooner (Fig. 3b), compared to
Same as a above except thaw water contains 5% NaCI. c- what happened when fresh water was used. Again, all
Compressive .otrength when wet-dr. cycled at 60 C. additives but potash improved durability over that of the

6



control concrete. Perhaps sodium chloride solutions ice contents would have the same beneficial effect on
should be investigated as an alternative thaw medium the above mentioned sodium-calcium chloride con-
for speeding up freeze-thaw tests. cretes.

In their third durability test, Goncharova and Ivanov Air-entraining admixtures are commonly used to
did not freeze the concrete during testing but, instead, improve the freeze-thaw durability of normal concrete.
repeatedly wet and dried samples at 60'C (140'F). Both Grapp et al. and Kuzmin indicate that using such
Figure 3c shows less ofa performance difference among admixtures should improve the freeze-thaw resistance
the concretes than did the two freeze-thaw tests. How- of antifreeze concrete, but neither conducted tests to
ever, a close look at Figure 3c reveals that calcium prove that. The concern is whether antifreeze admix-
chloride plus sodium chloride, calcium nitrate plus tures would upset the bubble-stabilizing capacity of the
urea. and calcium nitrite-nitrate plus calcium chloride air-entraining admixtures.
plus urea lost strength sooner than did the control This concern manifests in a field study conducted by
sample or the potash. Goncharova and lvanov suggest Korhonen (1987), where she got mixed results when
that wet-dry cycling at elevated temperatures might be she tried to add air-entraining admixtures to three
useful to evaluate the long-term effect of the salt crvs- commercial antifreeze admixtures. She found it diffi-
tals that remain in the concrete, cult to find an air-entraining admixture that would

Grapp et al. (1975) used a method similar to Goncha- produce stable air contents, particularly with one anti-
rova and Ivanov's first method to study freeze-thaw freeze admixture (the chemical makeupof theantifreez-
durability. Their testing differed from Goncharova and ers was not revealed). Laboratory tests showed reason-
lvanov's in that two freezing temperatures of-20 (-4) able results but, in transporting the mix from the ready-
and --60'C (-76°F) were used and durability was moni- mix plant to the job site. air contents changed. In some
tored with ultrasound waves and flexural strength tests. cases the air content increased and in other cases the air
Mixing temperatures were not given. Like Goncharova content decreased. Nevertheless, adjustments were made
and Ivanov, Grapp et al. found potash to be the only and measurements at the job site indicated the correct
admixture to reduce freeze-thaw resistanceofconcrete. air content. But, when the forms were removed, she
This can be seen as a sharp drop in velocity "eadings in discovered that air bubbles had clustered in various
Figure 4. Though not shown in Figure 4, Grapp et al. locations on the surfaceoftheconcrete. This casts some
indicated that lowering the test temperature to -60'C doubt on the compatibility ol antifreeze admixtures and
did not change the results. They saw no advantage to air-entraining admixtures.
using lower temperatures as a way to speed up
freeze-thaw testing. Reaction with aggregate

Kuzmin (1976) discussed the results of tests exam- Over the past several decades, awareness of chemi-
ining concrete durability that accounted for the partial cal reactions between aggregate and cement paste has
formation of ice in early age concrete. His freeze-thaw been heightened. A common reaction takes place be-
testing was similar to Goncharova and lvanov's first tween silica in the aggregate and alkalies in the cement.
method. In general, Kuzmin indicates that ice formed If there is a chance that aggregate may be reactive, the
before concrete is fully hardened can have a positive or common solution is to use low-alkali cement.
a negative effect, depending on the admixture and the Mironov et al. (1976) reported that sodium nitrite
amount of ice. For fresh concrete containing 10% cal- and potash form caustic alkalies when they react with
cium chloride and 5% sodium chloride, 52% of the mix cement, therefore, they should not be used with reactive
waterturned to ice at-I 8°C (O°F). Using 5% ofeach salt silica aggregate. What's more, concrete made with
increased the ice to 78%. According to Kuzmin both of these additives is weakened by repeated changes in
these early age ice amounts had an adverse efiect on the moisture. So. beside being restricted by the aggregate
ultimate freeze-thaw durability of co,-rrete. (That's type, these additives should not be used in a marine
somewhat contradictory to the allowed ice contents environment.
mentioned later in this report.)

In tests of fresh concrete containing 7 and 10% Corrosion of embedded steel
ammonia (by cement weiit) as the antifreeze, 25 to Under normal circumstances, cement provides an
30% of the initial weight of rnix water turned to ice at alkaline environment that protects steel from corrosion.
-12 (10) and -20'C (-4°F), respectively, without ulti- Anything that neutralizes this alkalinity renders steel
mate harm to the concrete. In fact, Kuzmin indicates vulnerable to corrosion in the presence of moisture and
that this amount of ice increased both the long-term oxygen. Carbon dioxide and chloride are two common
compressive strength and freeze-thaw durability of sources that initiate corrosion of embedded steel.
concrete. He did not indicate, however, if these lower Several references spoke of the effects of antifreeze
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Table 5. Corrosion of embedded steel and antifreeze admixtures.

I /jicC_'r Corrosion Re/,rcm e*

NaN() no corrosion .1
NIl 10H no corrosion h
CaoN ( ) , no corrosion c
K2CO, no corrosion C
N10 corrosion C

(',t NO )2+CO( NH,), no corrosion C

Ca( NO,,) inhibitor c
NaNO. inhibitor c,d
NaOH inhibitor C

NaCt cause Cwroion C
('aCI, cau es corrosion C

a--tironov cial ( 1979): b--Kuz''min ci at. (1976): c-Kuzmini 11976): d-Sheikin ct a]. (1980): c-Ocharov
1972).

admixtures on the corrosion of steel--conclusions are eutectic temperature is recommended. Because less
,umnmarized in Table 5. Calcium chloride and sodium than the eutectic concentration is used, some ice usually
chloride ,ere identified as corrosion causers.The Low forms in the concrete while it cures.
Temperature Building Sciences Institute ofChina (1979) Ice is not usually thought of as a desired component
indicates that, althoulgh sodium nitrite inhibits corro- in fresh concrete-Mironov (1977) shows why. Figure
"ion, it does so only if at least 4.4% sodium nitrite by 5 shows the amount of mix water that freezes in normal
cCment weight is used in the cement mix. Otherwise, concrete of various ages. When frozen immediately
local rusting can occur, which is more dangerous than after mixing. over 90% of the mix water turns into ice at
ovCall rusting because it is difficult todetect. When one -3 0C (270 F). At this point the concrete has not set. very
area i, attacked. strength is lost quicker than ifthe whole little liquid water remains, the hydration is severely
rebar ,,ere attacked equally. The 4.4% sodium nitrite retarded and will stop once the liquid water is used up.
also neutralizes the effects of sodium chloride, which and the overall volume of the concrete has increased.
tiay be applied as part of an ice control program. Unless the concrete is reconsolidated before setting
Virnanietal. ( 1988)and Vinnani( 1983)foundthatcal- takes place, the resulting concrete will be very porous
cium nitrite also neutralized the effects of chloride ions. and weak, even if it cures after the ice thaws. After I day

of room-temperature curing, less water is available for
Formation of ice in fresh concrete freezing because of the increased hydration of the

The main function of an antifreeze admixture is to cement and also because some water has been confined
prevent water from freezing so that it can react with in the pores where it is more difficult to freeze. Eventu-
cement at low temperature. The effectiveness of an
antifreeze for reducing the freeziw point of water is
related to its eUtectic point. i.e., the lowest temperature
below which additional quantities of antifreeze will not Table 6. Approximate eutectic temperatures.
depress the freezing point further. Table 6 gives eutectic

point properties for individual chemicals. As can be Percent Tenip.
seen. ammonia. calcium chloride and potash are among Chemwial solution I -r
the best in freeze protection.

The effectiveness of an antifreeze admixture when NH4OH 61 -84
placed in a concrete mix is based on the amount of CaCt, 30 -55

K,c01  40 -37
antifreeze used. If eutectic concentrations are used, no NaCt 23 -21
ice will form in the mix water until the eutectic tempera- NaNO, 28 -20
ture is reached. However. the eutectic concentration is Ca()NO, 1, 34 -20

not the admixture concentration recommended in pub- CONH2), 44 -18
CaINO 3), 35 -16

lished literature. Generally. a solute concentration cor- NaSO) 13 -4

responding to a temperature several degrees above the



- - . in earlier sect ion of this report. a1 521,1 ice content was
shoxn to be detrimiental to -oncrefe mnade witl)

-~sodiuml-CalCiUm Chlorides., while upl to 30'7 ice lii-

Proved (lie Ult mllate strentli and frleeze-th;iw dulahil il
- of, colicrete., mi ade withI am mnoli ia.

Be&sides the amiount of, ice (flat forms, tile location

within (le ocrtewere it foi ---ll ls he crtcal.
The rate of cool ing, plays ai imiporItanlt ro le in deter ni on-

-~ ' . \*.ill- tilie locat i on ald type of' ice t hat t'01u s"--un LIi 6)1111

* small cryvstals or- ice lenses. E-lither type ')t ice miay

dlamnae thie concrete. Krvlov et all. ( 19'79) suC-_est that
slow coolinig m;iy be of more conicerni than rapid cooling
Il somei Iistanices. In their te~ts. concrcte placed inl

-25 0 C -3 0F~ cabinetslost mr teitlta iii~
t)concrete placed i -40'C ( -40'F) ca inets. According

- . to Krylov et al.. the diffterence ill strengthl at these two

5i'IC.~ . I)oljJI ice owelII)it If 4w hitivice olf' CI tit1W tem peraturIes, is ascribable to thle ditffe rejce ill potentl
arOH .lr' f n'i'/ Wo A!~fI ~ 97 r liiOi 5! ire liii C rat ion wxit fun the colicr~ete. At slow

coiorates -2C) mioisture migaio is miore pro-
niouniced than at rapid freezingL (-40'C). Wheni conicrete

is cooled slowly, moisture has, time to niorale toward

the cold suiface where it call formi an ice bells that
allN. thle qjuantity of ice that cali be produced is. reduced disrupts thle concrete. Onl the other hand, if cooling is
to where freezinu temlperatures will 1101 harml the conl- rapid. the water freezes ili place. possibly causilig les s
crete. disruption to thle Concrete.

Aniltees iiCfli i~ f irno.thug ht hol Since ice formationi is normual in low-temperature
i Figure 5. is that Lip) to 2C,14 of the miix water Cdl tulrn curilie of anitifreeze coiicrete. the effect of ice f'oriation

to ice and not hanni the Ultimnate str-ength of the conicrete. Iimsiesrcue~ eemitr uirt~iai c

lie found that, when freshly niixed conicrete was rapidhly lelises are likely, needs inivestigationi.
cooled to - I 'C and cured at that temperature, its 28-day
strerwgtli reached 70"/( of* that of similar conicrete cured

at roi temperature. Thus, if this amount of ice canl be

tolerated ili nornnal concrete, then thle task of anl anti-
freeze admixture becomes one of only miinimiizingC anil d

hot necessarily eliminating- ic-e fromi curing colic; te.KCO
Kuzmnin ( 1976) demonstrated thle effect of ice oil the 80[

ultimate streriltll of antifreeze concrete when the con-
crete was rapidhly frozen after mixingC. The concrete was 0. - 1HO

ke pt at - I OC u ntilI it I(eve loped the des ired ice content 1 ~ 60 -'---

of" 20. 40 or 6 0%4 . Then the concrete was changed to I K N.NO

1mom1 temperature anid cured for 28 days. As Figure 6
shows, concrete mnade with potash. sodium niitrite or

animollia gained ill compressive strengthi with each -

increase inl ice content up to 40"/r-then strengths 2

dropped slirply. Kuzrnin (1976) p~rovides two explana-
tions for th - strength increases:

1. Only some of the water freezes. which limits the 4 1

hiarmful effects of expansion as water turnis to ice. 1 hq Ic
2. The ice thi.t forms compacts LGie cemnit gel rather

than disrupts it. Figure 6'.Streng~th v.% initial ice content. Cfuuret' lf/a

The literature differed onl the amiounit of ice that could (W11C(if~ -/0<'C Ifolt/ f/If' df'ml-i'f 1ff' ((fifflf Iv/a Elihi/lid

be allowed in fresh concrete. For example. RILE M thni ,, toff d I/ (EOU room /S'inprnifor /) 2S EIII I. Thi
(Kukko and Koskinen 1988) inicates that 40 to 60r/( i Started to /rn ithii 2() fllile f'AII eiIclI'E/0 i/f th-/()'

a penimissible range of ice contenits for fresli coticrete. In (ahhjnf' ((fier Klf-nhin NS70.
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MIXIN(; OF ANTIFREEZE CONCRETE Table 7. Permissible hail times(after Kuzmin 197T).

Antifreeze concrete is mixed in much the salle I ,(-;I
I c'ip. Iby iscivlii Ihiil

maner as is normnal concrete. Usuallv. the Concrete is I, iii li
" "~~o I)I11\ IItt

Mixed at a read-illliX plallt at room temperature (Sole C i' , F .hm mil h-mi .1

laboratory tests were done with ingredients cooled
ahead of time, as mentioned earlier). The antifreeze is 210 20 t-2-3
added to the water, which is then added to the mix. The -5 23 K:(M, 14 1/2

concrete is transported by conventional. uninsulated NtOH 5
NaNO. 2 t

r'otatine-drum1 trucks. The concrete is not allowed to -10 14 KCO 22 1/2
freeze before it reaches tie site and the forms must be NH,OH 9 9-- 10

free o ice and snow. Open surfaces are covered with NaNO. 19 9-I)

plastic and insulated if tile air temperature falls below -1.5 5 KCO, 27 1/2

the lowest recommended curing temperature. In ex- NH OH 12 9-Il0
NaNO, 25 9-li)treme cold, heat can be applied, but then the advantage -2o -. K:CO 32 1/2

of the antifreeze is diminished as costs increase. If the NH OH 15 14-15
c( ncrete has attained critical strength. nothing need be NAiNO. I S 24-',0

one to protect the concrete.
A variation on this practice. one eiployed bv a

Finnish readv-in ix company. has the truck driver place
bags of antifreeze into the empty drum of the mixing 3.2.2 of that report states. 'No materials are known
truck. The truck is then charged with ready-mix con- which will substantially lower the fr'eezing point of the
crete and driven to the job site. Because the bags water in concrete without being harmful to the concrete
containing the antifreeze dissolve in the truck, a 3- in other respects (p. 212.1 R-7)." As just mentioned.
minute drum rotation at the site readies the concrete for ACI is interested in an update that includes more recent
use. This practice is especially good for potash, which information on antifreeze admixtures.
has a tendency to set tip rapidly. Beginning in 1976. RILEM made a concerted effort

A major advantage of working in the cold is that to collect the experiences of various countries with
concrete can be hauled long distances before hardening. winter concreting. The Technical Research Center of
Kuz1in( 197) lists permissible haul times it) Table 7- Finland (VTT). Concrete and Silicate Laboratory.
sodiuln nitrite and ammonia can be hauled for long summarized these findings in 1988 (Kukko and Koskinen
tines b_ fore setting,. whereas concrete ck;1itaining pot- 1988). The VTT report addresses approaches to winter
ash sets quicker than nornal concrete at roomn tempera- concreting. including the use of antifreeze admixtures.
lure. so must be placed within 1/2 hour of mixing. As evidenced in the report. cold weather concreting

Korhonen ( 1987) described a field test in which con- receives priority treatment in the northern European
crete containing sodium nitrite and potash as the princi- countries.
pal ingredients was hauled 7-1/2 hours in mix trucks at
air temperatures of -5 to - I 0C (23 to 140F). One mix
stiffened (probably the potash) and had to be remixed COST EFFECTIVENESS OF ANTIFREEZE
with additional water but none lost strength. Jokela et al. ADMIXTURES

1982) indicate that concrete made with urea is also
good for long distance hauling. Winter increases construction costs. Much of this

increase is caused by a drop in the efficiency of
construction machinery and manual labor. Jokela el al.

STANDARDS (1982) note that machinery costs increase 1.6 to 2 times
and manual labor takes about twice as long when work

As previously mentioned, cold weather concreting is done in cold weather. Some estimates have placed
practices in the U.S. are based primarily on the guidance winter construction costs even higher.
provided by the American Concrete Institute (ACI According to Mironov and Demidov (1978). winter
1988 ). Antifreeze admixtumes are not currently included conditions can increase concreting costs by a factor of
as a cold weather concreting option in that report. 1.5-2. High heating requirements and the need for
although consideration is being given to including their protection account for much of this increase. When
mention in a future update. ACI-212 (ACI 1985) using concretes containing antifreeze admixtures.
specifically prohibits antifreeze admixtures. Section however, the need for special protection diminishes.
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and anv increased Costs associated with the antifreeze in hulk Lilni itV. ConSiderine" that ready-mix concrete
adili xtureS are offset by thle reduced Winter protection (six -hag mnix) costs $61 .75/yd ;($XO.77/in3 ) iii Boston
requi r.2ments. Kuzmnin (1976) savs that upto 94 ' otthe ( ILNR I1989) and that placing and protecting that cubic
addedcost of Using ant ifreeze admnixtures is attributable yard in the winter mnight cost another$3-()0 (1.5-2 fac-
to the cost of the admixture itself. The remrainino ff7 is tor), it canl be seen that the Table 8 costs a!-e comrpetitive
associated with processing and handling th . adinixtUre, with normial winter concreting practices. It should be
Therefore, the cost effectiveness of antifreeze admlix- kept in mnind, however, that these prices do not represent
tures can be rc sonlably estimated onl the basis of adilnix- end-user prices. H-andling and profit Would incr-ease thle
ture costs. price for antifreeze concrete somlewhat.

To -,et a feel for the costs of antifreezers, various As an idea of how much antifreezers ighlt ulti-
ready-mnix producers and chemnical companies were mnately cost, one company in Finland increases its
contacted for prices. Table 8 presents the added cost per norm11al ready-i x price by 7 5 "1 when ant ifreeze adix -
Cubic yard of concrete if the adm-ixtures are purchased tures are used. It is not known what chemiicals or llosk

Table 8. Added cost per cubic yard of concrete for antifreeze admixture.

Ptcet bY Teme,it[it I, Lumt

CIc~unj al Ra tio wi,-, Ih I C ) 'I-) (S v'

C.10,- 7 5h 3.20
NaCI 5.7 -5 210.67
Na NO, -6 -5 23 11.51

-8 --10 14 15.34
it0 -20 -4 19.18

NATI + CaC1, 1:1.5 7.7 -20) -4 2.51
CaCI. + N:,No, 1:1 -5 .35.96

- 6.5 -tI0 14 7.74
- 8.5 5- 10. 1~3
- 9 -20) -4 10.72

Ca(NOj. + CO)Nl., 3:1 5.5 -5 23 10.35
- 9.5 -It) 14 17.88

11I -I5 5 20i.71
1 3 -2(0 -4 24.47

(Ta)NO,. + COiNHi. 1:1.S 8.8 -t0 14 8.98
3:1 9 -2t0 -4 11.23

Ca) kNO,., + NaS() 1.2:1 6.6 -it) 14 7.11
Ca(NO). + (W, +CO(NHj, 1.5:1.5:1 5.5 -5 23 8.61

-9.5 -It) 14 14.87
11I -I5 5 17.22

-13 -20 - 2(0.35
I( atNO,) + NO,): 4- CaCt.) + dCtC1 + NaNO, 0.1:0.33:0.33:1:1 5 -5 23 6.24

- 9 -It) 14 11.2.1
- 101 -i5 5 12.49
- 12 -201 -4 14.39
- 14 -25 -13 17.48

CalNOl. + (NO,). + Cadi. + COi NHj, 0i.75:0.75:1.5:1 9 -20 -4 9.47
- 11.5 -21 -4 12.10
- 13 -201 -4 13.68
- 14 -25 -13 14.73

K :CO n - 6 -5 5 14.04
- 8 -to 14 18.72
- It0 -15 5 23.41
- 12 -21 -4 28.019

NaNO, NaSO, 2:1 9 -101 14 13.54
NaNO' + Cat NO,) + Cadl 2.9:1:2.9 11.5 -It) 14 14.07
NHOH -5.2 -20 -4 3.52



much are Used but. based ol the Boston leady-inix any, adverse effects on the utimate ,,treneth of con-
price, a 75',; increase represents a $46/yd' ($60/in') cretes made with antifreeze adnixtures. In the field.
sthar', for ,ncludinl an antifreeze adlnixture into the moisture is more likelv to Inigrate within the concrete.
concrete. That still ilakes an:lfreeze admixtures eco- The result is that ice lenses, which may form near the
notnically competitive %0ith heatig and protecting surface. may cause spalting when warmi weather re-
cotnlrete. turns. The rate of cooling. as discussed earlier. plays ani

important role in this potential problem.
Antifreeze adtnixtureS, except for potash, act to

OTHER ANTIFREEZE AI)MIX'[URES increase tile freeze-thaw resistatnce of concrete cotlm-

pared to normal non-air-entrained concrete. Although
Practicallv any thing that is soluble in water will entrained air is expected to increase the freeze-thaw

depress its freezing point. Chenical handbooks list a resistance of antifreeze concrete, as it (e.s with normal
myriad of aqueous solutions with low freeziilg points, concrete, little evidence is available to substantiate that.
not all of which a. z appropriate for concrete: some are One field test suggested that there may be a problem
toxic. others are corrosive and many are costly. with finding air-ettraiting adtiixtures that are conlp;t-

Rather than try to pick candidate chemicals from ible with the various anitifeeze adiixtures.
such a list. there are several compounds being used for The admixture crystals that remain in the concrete
siulilarpurposes itl the cold regions today. Forexamuple. once it is cured may promote structural breakdown of

deicing conlpourids ae routinely used lt airports, on the concrete under repeated wetting and drvineg cycles.
ships and otl highways. A deicer must be cost-effective, The literature encourages cautious confidetlce in
environrnentally safe, and non-corrosive, which are using antifreezers in concrete placed in below-freezing
qualities that the ideal antifreezer must meet. Water weather. However, it must also be kept ill mind that the
supplies in the Arctic Must be protected fior fr'eezing tests conducted to (late are only valid for the cements
in rnormal use and during power outages. It is common used. Laboratory tests supported by field demonstra-
practice to use nontoxic antifreeze compounds in fire tions are needed to develop this technology for U.S.
hydrants. The food industry uses many water-soluble cements and construction practices.

chemnicals in foodstuffs. In addition, Derrington (1967)
sligIests over 40 chemicals that might be compatible
with concrete and Matyszewski (1985) describes a NEEDED RESEARCH
factory waste as an additive. Chemicals from these
sources should be considered as possible antifreeze In 1977 Mironov stated that, in spite of the success
admlixtures for concrete. achieved in recent years in studying cheiical additives,

many questions still remain. This author believes that is
a valid statement for the U.S. today. particularly when

SUMMARY AND CONCLUSIONS it is considered that the U.S. has little testing and field
experience with antifreeze admixtures.

Antifreeze admixtures have been used in foteign As a mininlun, the following laboratory evaluations
countries since tile 1950's. Chloride salts were the first should be conducted oil the most promising adnlixtures
adlixtulreS to be used in the U.S.S.R. beginning in 1951 mentiotled in the literature.
to build retaining walls, canal structures, roads and I. Examine strength gain at low temperatures with
foundations in the winter. Rapid corrosion of reinforce- U.S. cements in compression and il tension.
Ients caused by the clllorides. however, necessitated a 2. Evaluate freeze-thaw durability with and without
search for other noncorrosive admixtures. The most air-entraining adillixtures.
comlmon ones found in the literature today were given 3. Determine the critical ice content at early age,
in Table 2. looking at percent ice content versus 28-day strength.

The literature demonstrates that antifreeze admix- 4. See how the admixtures iiteract with U.S. ce-
tures will allow concrete to gain strength at below- ments: determine the hydration products. degree of
freezing temperatures. Strengths generally lag that of hydration and corrosivity.
control concreteatearly age. but tend tocatch uporeven It is recognized that the proposed tests will not, by
surpass strengths of control samples in time. themselves, provide the information necessary to rec-

The strength gains were based on laboratory-size ommend wholesale use of antifreze admixtures. They
specimens that (10 not necessarily represent field condi- will. however, provide a basis upon wlich to evaluate
tions. Under the rapid-freezing conditions of the labo- antifreezers. particularly as they become commercially
ratory, ice formations ill limited amounts had little, if available.
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